MinD is a cell division ATPase in Escherichia coli that oscillates from pole to pole and regulates the spatial position of the cell division machinery. Together with MinC and MinE, the Min system restricts assembly of the FtsZ-ring to midcell, oscillating between the opposite ends of the cell and preventing FtsZ-ring misassembly at the poles. Here, we show that the ATP-dependent bacterial proteasome complex ClpXP degrades MinD in reconstituted degradation reactions in vitro, through direct recognition of the MinD N-terminal region, and in vivo. MinD degradation is enhanced during stationary phase, suggesting that ClpXP regulates levels of MinD in cells that are not actively dividing. MinC and MinD are known to co-assemble into linear polymers, therefore we monitored copolymers assembled in vitro after incubation with ClpXP and observed that ClpXP promotes rapid MinCD copolymer disassembly as a result of direct MinD degradation by ClpXP. The N-terminus of MinD, including residue Arg 3, which is near the ATP-binding site, is critical for degradation by ClpXP. Together, these results demonstrate that ClpXP degradation modifies conformational assemblies of MinD in vitro and depresses Min function in vivo during periods of reduced proliferation.
from reactions, the level of MinD did not change over the course of the experiment indicating that MinD is degraded by ClpXP in an ATP-dependent manner (Fig. 1A) .
To quantitatively measure the rate of degradation, we labeled MinD with Alexa fluor 488 and measured degradation by monitoring fluorescent peptides released following incubation with ClpXP and ATP. Degradation reactions containing ClpXP (0.7 μM), ATP (8 mM), and MinD (10 μM) were stopped by the addition of EDTA (50 mM), and fluorescent peptides were collected by ultrafiltration and quantified by fluorescence. We observed that the amount of MinD degraded increased linearly over the course of 30 min (Fig. 1B ). Next, we examined the rate of MinD degradation by ClpXP with increasing MinD concentration (0 to 16 μM). We observed a concentration-dependent increase in the rate of MinD degradation, which plateaus near 20 μM MinD, with a rate of 0.08 ± .01 min -1 (Fig. 1C) . The degradation rate of another substrate, FtsZ, has also been shown to increase with increasing substrate concentration, which suggests a low affinity interaction at low substrate concentrations (4, 18) . Together, these results demonstrate that ClpXP recognizes and degrades MinD in a concentration-dependent manner.
In the presence of ATP, MinD binds to E. coli phospholipids by inserting a C-terminal amphipathic helix into the phospholipid bilayer and recruits MinC to phospholipids in vitro.
MinE also binds to membrane-associated MinD in vitro. MinE stimulates ATP hydrolysis by
MinD in the presence of phospholipids, and then MinD dissociates from the phospholipid bilayer (29, 30) . Since MinD is capable of binding directly to MinC, MinE, and phospholipids, we tested if the addition of E. coli phospholipids, prepared as small unilamellar vesicles (SUVs), modifies the rate of MinD degradation in absence and presence of MinC and MinE. We observed that the interaction with SUVs, MinC (10 μM) or MinE (10 μM) had no significant impact on the rate of MinD degradation by ClpXP under the conditions tested ( Fig.   1D ). Lastly, to confirm that ClpXP does not also degrade MinC or MinE, we monitored degradation of both MinC and MinE, but detected no proteolysis of either protein after 3 hours ( Fig. S1) .
The ClpX N-terminal domain is a zinc-binding domain (ZBD) that can dimerize independently of an attached ClpX AAA+ ATPase domain (25) . ClpX(ΔN61) is an engineered deletion mutant protein that lacks the N-terminal 61 amino acids, which includes the ZBD, but retains the ability to form a functional complex with ClpP and degrade some substrates, including ssrA-tagged proteins independently of the SspB adaptor protein (31, 32) . Other substrates, including MuA tetramers, λO and FtsZ are targeted by the ClpX N-domain for recognition and degradation (18, 25, 31) . To determine if the N-terminal domain of ClpX is important for recognition and degradation of MinD, we purified ClpX(ΔN61) and compared the rate of MinD degradation by ClpX(ΔN61)/ClpP to the rate of degradation by ClpXP. In reactions containing 10 μM MinD, we observed no detectable MinD degradation by ClpX(ΔN61)/ClpP, in contrast to ClpXP (Fig. 1E ). Furthermore, both purified ClpX and ClpX(ΔN61) supported degradation of Gfp-ssrA with ClpP in vitro ( Fig. S2A ). Consistent with the requirement for the ZBD, we also found that a peptide, called XB, which contains the ZBD-interacting region of the SspB adaptor protein, competitively inhibits MinD degradation ( Fig. S2B ), suggesting that the MinD and SspB binding sites may overlap on the ClpX N-domain. Together, our results suggest that the ClpX N-domain is important for recognition and degradation of MinD.
ClpXP antagonizes MinCD copolymers in vitro. MinC and MinD from E. coli,
Pseudomonas aeruginosa and Aquifex aeolicus, readily form copolymers in the presence of ATP (12-14) ( Fig. 2A ). ClpXP is known to disassemble FtsZ polymers in vitro (4, 18) , therefore we tested if ClpXP could also prevent assembly or destabilize MinCD copolymers. First, to test if the presence of ClpXP in an assembly reaction reduces or prevents copolymerization of MinD with MinC in vitro, we monitored 90° light scatter of reactions containing MinD (8 μM), MinC (4 μM), and then added ATP alone or with ClpX and/or ClpP, where indicated ( Fig. 2B and 2C). Light scatter was then monitored for an additional 30 min. The addition of ATP without ClpXP stimulated robust copolymer formation; however, the addition of ATP and ClpXP lead to a small increase in light scatter that rapidly decreased with time ( Fig. 2B ). Next, we tested if ClpX inhibits MinCD assembly without ClpP, since inhibition of MinCD copolymer assembly could potentially result from MinD unfolding, but not degradation.
Interestingly, we found that the addition of ClpX resulted in a 45% inhibition of copolymerization ( Fig. 2C ), and also that the ClpX ATPase mutant protein, ClpX(E185Q), which hexamerizes and binds substrates but does not unfold them, similarly impaired copolymer formation (45% inhibition). Together, these results suggest that ClpX is capable of impairing MinCD assembly independently of ClpP and ATP hydrolysis, but that ClpXP is substantially more effective for preventing assembly ( Fig. 2B and 2C ). Addition of an equivalent volume of buffer alone does not inhibit copolymer formation in control experiments ( Fig. 2B and 2C ). Lastly, we also observed that ClpP without ClpX alone does not modify light scatter of MinCD copolymers with ATP (4 mM). Together, our results suggest that MinCD copolymer formation is reduced by ClpX and prevented by ClpXP.
Next to determine if ClpXP destabilizes pre-assembled MinCD copolymers, we performed an order of addition experiment. First, copolymers were pre-assembled with ATP, and then ClpXP (0.5 to 0.9 μM) was added and copolymer disassembly was followed by light scatter for another 30 min. Addition of ClpXP led to a rapid decrease in light scatter that correlated with ClpXP concentration (Fig. 3A) . In contrast, the addition of buffer, ClpX with ATP, or ClpP failed to promote disassembly of MinCD copolymers ( Fig. 3B ) ( Fig. S3 ). Finally, we directly visualized copolymers via negative staining transmission electron microscopy (TEM) and compared MinCD copolymer abundance and morphology to copolymers incubated with ClpXP.
Consistent with previous reports, we observed MinCD copolymers with ATP (4 mM) ( Fig.   3C ). Next, ClpXP (0.9 μM) with ATP (4 mM) alone and added to reactions containing MinCD copolymers pre-assembled with ATP were assembled. After 15 min, reaction products were analyzed by TEM. In the presence of ClpXP ( Fig. 3C ), we observed copolymers that were shorter and spread more sparsely across the grid (Fig. 3C ), compared to copolymers without ClpXP. To confirm that polymers were not observed in reactions containing ClpXP alone, we visualized ClpXP (0.9 μM) assembled with ATP (4 mM) and a regenerating system. We detected a homogenous population of ClpXP particles ( Fig. 3C ) and did not observe any polymeric structures. In the structural model of MinCD, copolymers are comprised of alternating MinC and MinD dimers (12) . Therefore, it is possible that copolymer disassembly by ClpXP could arise from degradation of MinC or a failure of MinC to dimerize and/or interact with MinD. However, we observed no degradation of MinC by SDS-PAGE ( Fig. S1 ), therefore copolymer disassembly is likely not mediated by MinC degradation.
The MinD N-terminal sequence contains residues that are important for degradation by ClpXP. Substrate recognition by ClpX is mediated by the presence of different sequence motifs, or degrons, at the N-or C-terminal regions of protein substrates (21, 33) . The Nterminus of MinD contains amino acids similar to the N motif-2 consensus motif (M-b-ϕ-ϕ-ϕ-X5-ϕ) for ClpX (20,21) ( 1 MARIIV-X5-G 12 ). In the structural model of MinD, Arg 3, is present near the N-terminus and accessible to the surface (Fig. 4A ). To determine if this arginine is important for recognition by ClpX, we mutagenized the residue to glutamate and purified MinD(R3E). In degradation reactions with ClpXP in vitro, we observed that 50% of wild type MinD was degraded in the first 60 min; however, we detected no MinD(R3E) degradation during the experiment under the conditions tested ( Fig. 4B ). To confirm that MinD(R3E) is not defective for function, we measured the ability of MinE to stimulate ATP hydrolysis of MinD(R3E) in the presence of SUVs. We observed that the ATP hydrolysis rate of MinD(R3E) (8 μM) was stimulated 10-fold by MinE (16 μM) and SUVs (1 mg ml -1 ), similar to wild type MinD, suggesting that the amino acid substitution does not impair MinD function ( Fig. 4C ).
MinD(R3E) is defective for degradation by ClpXP, but copolymerizes with MinC ( Fig. S4A ), therefore, we tested if whether copolymers containing MinD(R3E) and MinC are resistant to disassembly by ClpXP. As expected, we observed that ClpXP failed to destabilize preassembled MinC/MinD(R3E) polymers, in contrast to copolymers formed with MinC (4 μM) and wild type MinD (8 μM) ( Fig. 4D, Fig. 3A and S4A). Our results suggest that ClpXP promotes disassembly of MinCD copolymers and that Arg 3 of MinD is important for ClpXPdependent disassembly. Furthermore, MinD(R3E) (4 μM) recruited similar levels of MinC (4 μM) to SUVs compared to MinD (4 μM) ( Fig. S4B ) suggesting that it is not defective for known interactions in vitro. Finally, we visualized MinD(R3E)-dependent copolymers by TEM that were incubated with and without ClpXP (0.9 μM). As expected, copolymers were detected under both conditions, consistent with a failure of ClpXP to disassemble copolymers containing MinD(R3E) and MinC (Fig. 4E ). . Surprisingly, in log phase cells (OD600 of 0.3 A.U.), we observed even slower MinD protein turnover relative to stationary phase, with MinD persisting much longer than 180 min and similar to a clpX deletion strain ( Fig S5B) .
MinD degradation and function in
In live cells, MinD levels during log phase or stationary phase are controlled by a balance of synthesis and degradation, with partitioning of Min proteins into daughter cells during division events. Therefore, we next tested if Min oscillations are more active or detectable in log phase versus stationary phase. To monitor MinD oscillation in vivo, we replaced minD in the chromosomal min operon with gfp-minD (Table 1) . This gene replacement resulted in cells with a mean cell length of 1.92 ± 0.04 µm (n = 200), which is similar to wild type cells with a mean cell length of 1.93 ± 0.03 µm (n = 200), suggesting that Gfp-MinD is fully functional for regulating division. We monitored productive oscillations in cells expressing Gfp-MinD and found that over half of the cells (51%) harvested from log phase cultures (OD600 of 0.3 A.U.) showed productive MinD oscillations. In contrast, only 38% of cells expressing Gfp-MinD harvested from stationary phase 16 h cultures (OD600 of 2.0 A.U.) showed productive oscillations, suggesting that the Min system is depressed in cells that are in stationary phase.
Since MinD degradation occurs during stationary phase, these results suggest that ClpXP may contribute to reducing MinD levels and function in slow-growing cells, leading to fewer cells that exhibit Min oscillation.
Finally, to determine if ClpXP degradation activity modifies the Min localization pattern in cells during productive oscillations in log phase, we measured the rate of fluorescent foci movement from pole to pole by Gfp-MinD in cells with and without ClpXP. We observed polar oscillation of Gfp-MinD in live, dividing cells with movement of the fluorescent foci across the longitudinal axis of the cell at a rate of 160.4 ± 7.6 nm sec -1 ( Fig. S6A and S6B ). In cells deleted for clpP and clpX (Table 1) , which is present in a single operon and denoted here as clpPX, we observed a modest, but significant 15% reduction in the Gfp-MinD oscillation rate compared to cells with clpPX intact ( Fig. S6A and S6B ). The rate of oscillation by Gfp-MinD is within error of the oscillation of Gfp-MinC, measured here at 163.3 ± 4.8 nm sec -1 (Fig. S6C ), and reported previously (7) . Deletion of clpPX also led to a 15% reduced Gfp-MinC oscillation rate, which is dependent on MinD for oscillation ( Fig. S6C) . Surprisingly, overexpression of ClpXP from a vector that was previously shown to increase ClpX and ClpP levels by 4-and 75-fold, respectively, increased the oscillation rates of both Gfp-MinD and Gfp-MinC ( Fig. S6B and S6C ). Together, these results indicate that ClpXP contributes to setting MinC and MinD oscillation rates in dividing cells in vivo, either directly by managing MinD levels or indirectly by degradation of FtsZ and subsequently impacting Min function.
Discussion
Here, we demonstrate that the two component ATP-dependent protease ClpXP degrades the cell division protein MinD in vitro. Degradation of MinD requires the ClpX N-domain and utilizes a MinD N-terminal region that has a sequence similar to other substrates with predicted N-terminal degrons (Fig. 1 ). We identified a residue in the MinD N-terminal region, Arg 3, that is important for recognition and degradation by ClpXP. Although ClpX functions with ClpP to regulate overall protein turnover of many substrates, such as RpoS in vivo, ClpX also remodels protein substrates. For example, ClpX remodels MuA to regulate phage transposition and can function as a protein disaggregase (34) (35) (36) . Given that ClpX is capable of remodeling protein complexes with and without ClpP, we investigated the ability of ClpX and ClpXP to modulate MinCD copolymer assembly in vitro. We found that ATP-driven coassembly of MinCD was partially prevented in the presence of ClpX and abolished in the presence of ClpXP (Fig. 2B ). Furthermore, copolymer formation was similarly impaired by ClpX and ClpX(E185Q), which contains a mutation in the Walker B motif and is defective for ATP hydrolysis, but still oligomerizes and binds to substrates (37) . Thus, ClpX alone antagonizes MinCD copolymer assembly via an ATP hydrolysis-independent mechanism. Consistent with these results, previous studies demonstrated that in B. subtilis, ClpX impairs FtsZ polymer assembly through an ATP-independent mechanism (38, 39) . ATP-hydrolysis by ClpX is required for substrate unfolding and translocation but not substrate binding. Therefore, our results are consistent with ClpX inhibiting copolymerization via a binding/holding mechanism, where the direct interaction, without unfolding, may be sufficient to impair assembly or "cap" copolymers.
In E. coli, ClpXP degrades FtsZ to modulate Z-ring subunit exchange and dynamics during division in vivo (4, 18) . Eukaryotic members of the AAA+ protein family, including spastin and katanin, are also capable of microtubule polymer disassembly (40) . Thus, a major function of ClpXP may be to disassemble polymer networks in the cytoplasm. MinD and MinC from several organisms form large linear filaments that are readily observed by electron microscopy (7, (12) (13) (14) . E. coli MinCD copolymers are rapidly disassembled by ClpXP in vitro ( Fig. 2 and   3 ). To date, multimerizing protein substrates, including FtsZ, MuA, DPS and MinD, rely at least partly on the ClpX N-domain for efficient remodeling and/or degradation, which implicates a role for the ClpX N-domain in coordinating multiple substrate interactions with substrate engagement and initiation of unfolding.
Gfp-MinD oscillation occurs in the absence of MinC, and cells expressing MinD mutant proteins that are impaired for copolymerization with MinC do not have obvious cell division defects in vivo (15, 41) . However, copolymerization with MinC may limit the available population of MinD that is activated in vivo through sequestration in the cytoplasm or concentration on the membrane thereby modifying oscillation. We observed that ClpXP, and to a lesser extent ClpX, directly alters copolymer assembly and abundance in vitro ( Fig. 2 and  3 ). Thus, ClpXP may also modulate the accessible population of MinD by modifying copolymer conformation. Surprisingly, when we tracked total MinD protein turnover, we 
Alterations in ClpXP expression levels modify Min oscillation rates in dividing cells, but it is
unknown if this is a direct effect (e.g. resulting from MinD degradation and/or MinD complex disassembly) or this is an indirect effect (e.g. resulting from modified FtsZ levels). It is currently clear that ClpXP degradation fine tunes division in E. coli via degradation of FtsZ, ZapC and MinD, yet there is much that remains to be understood about the spatiotemporal coordination of these events, bulk effects on FtsZ polymer mass and dynamics and effects on cell cycle timing, constriction or septation.
Experimental procedures
Strain construction. Strains and plasmids are described in Table 1 and ATP regenerating system containing creatine phosphokinase (50 μg ml -1 ) and creatine phosphate (30 mM) in copolymer assembly buffer were applied to 300-mesh carbon/formvarcoated grids, fixed with glutaraldehyde (2%) and stained with uranyl acetate (2%). Samples were imaged by transmission electron microscopy using a JEM-2100 80 Kev instrument.
Fluorescence microscopy. Wild-type, overexpression, and deletion strains of gfp-minC and gfp-minD were grown, and oscillation rates observed and plotted as described previously (7) .
Strains containing pBR322 and pClpXP were grown in the presence of ampicillin in order to maintain the presence of the plasmids.
Antibiotic chase and immunoblotting. Stationary phase bacterial cultures in Luria-Bertani (LB) medium at OD600 0.05 where grown at 30 °C for 16 h. Log phase cultures were grown overnight and diluted into fresh LB medium OD600 0.05 and grown to OD600 of 0.3 A.U. at 30 °C. One ml or 5 ml samples respectively were collected at 0, 30, 60, 120, and 180 min. Spectinomycin (Sigma) (200 µg ml -1 ) was added at 0 min. Proteins were precipitated with 15% trichloroacetic acid (Sigma) for 30 minutes at 4 °C. Suspensions were then centrifuged at 5,000
x g for 10 min at 4 0 C. Pellets were isolated and washed with acetone for 10 min at 4 0 C followed by centrifugation at 10,000 x g for 10 min at 4 °C. Acetone was removed and pellets were resuspended in 10% sodium dodecyl sulfate (SDS). Protein samples were analyzed by reducing SDS-PAGE and transferred to a nitrocellulose membrane (Invitrogen). Membranes were 20 washed with tris buffered saline (pH 7.6) and Tween-20 (0.05%) (TBST), blocked for 2 hours with 2% (w/v) bovine serum albumin, probed with rabbit MinD polyclonal antibody serum and goat anti-rabbit IgG coupled with horse radish peroxidase (HRP). MinD was visualized using Pierce ECL Western blotting substrate and relative levels were quantified by densitometry using ImageJ (NIH). and J.L.C. wrote the manuscript. J.L.C. obtained the funding for the study, supervised the study and managed the project. All authors reviewed, edited and approved the manuscript.
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